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Abstract

For the processing of diamond-metal matrix composites, the powder bed fusion using a laser for metals (PBF-LB/M),
represents a new promising method for the additive manufacturing of diamond tools for concrete and rock machining,
even with more complicated geometries. Previous research activities show a strong tendency for cracking and delamina-
tion during the construction process of the samples. This behavior is caused by thermal residual stresses associated with
the embedded diamonds. To control these negative effects on the process side, the volume energy density is reduced
accordingly, which, however, led to increased pore formation. This publication deals with an approach on the material
side to modify a 316L stainless steel base powder with an addition of 20 wt% bronze via a high energy ball milling (HEBM)
process in such a way that a homogeneous solid solution phase is created. A significantly increasing of the melting
interval and a decreasing of both solidus and liquidus temperature was observed, which can reduce pore formation in
the PBF-LB/M-process. In addition, XRD-diffractometry and SEM/EDS-analysis showed that the homogeneous solid solu-
tion phase of this alloyed powder segregates again into Fe- and Cu-rich phases when heated up to the melting point.

Keywords High energy ball milling - Mechanical alloying - 316L-steel/bronze alloy - Metastable phases - Reduced
melting range - Segregation of Cu-phases

1 Introduction
1.1 Powder bed fusion using a laser for metals (PBF-LB/M) of diamond metal composites

Additive manufacturing for the fabrication of diamond-metal-matrix composites (DMMC) for natural stone and concrete
machining [1-4] using PBF-LB/M is still a challenge, both in terms of process and materials. Among other things, the high
cooling rate during the laser melting process leads to thermal residual stresses in the component. In conjunction with
the metal-diamond material pairing and their different coefficients of thermal expansion, these residual stresses, which
always occur in the PBF-LB/M process anyway, lead to severe cracking and delamination [5-7]. Another problem is the
high heat input induced by the laser and the associated thermal attack of the diamonds. Since diamond is the metastable
modification of carbon, interfacial reactions take place at the diamond surface at higher temperatures, especially in the
presence of reactive transition metals, which leads to the transformation to graphite and thus to the impairment of the
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cutting performance of the diamonds in the tool [8-11]. On the process side, these negative influences of the PBF-LB/M
process on the DMMC properties can certainly be achieved by reducing the volume energy density. However, a reduction
in the energy transferred to the powder bed leads to incomplete melting of the powder and therefore to high porosity
and increased accumulation of diamond particles in the pore spaces [7, 12]. Accordingly, the process parameters must
be well chosen to achieve an optimum intermediate between low thermal residual stresses and high relative density.

Now, in order to be more independent of higher volume energy densities to obtain high-density and crack-free DMMC
components, this work will investigate a material-side approach to reduce the melting temperature of the metallic
binder. The approach taken here is to mechanically alloy a 316L steel powder used for the production of diamond-metal
composites with a low-melting tin bronze by means of a high-energy milling process. Previous research activities regard-
ing the use of powder blends to produce compositionally-tailored materials in the PBF 3D printing process have been
carried out so far, for example, by Ron et al. and Koptyug et al. The research topics of these works dealt with the in-situ
alloy formation of metal powder mixtures during an electron beam or laser beam based PBF process. It was shown that
alloy formation and homogenization is possible for various steel-based powder mixtures as well as for a refractory metal
HEA powder mixture [13, 14]. The results presented in this paper also deal with the tailoring of metal powders for a PBF
process, but vary in approach and basic idea from the previously mentioned publications. The aim is to modify a com-
mon steel powder (316L) by means of mechanical alloying in such a way that a lower melting point and liquid phase
formation during the PBF-L/M process result in more advantageous material properties when used as a binder metal
for DMMC materials.

The use of an iron-based alloy (316L) for the production of DMMCs is based on current trends to reduce the use of
so-called critical raw materials (CRMs). With regard to diamond-metal composites, mainly cobalt-based metal binders
have been used in the past. Due to significant market price fluctuations and the general increase in the price of cobalt,
as well as its toxic properties, measures were taken in the early 2000s to continuously replace cobalt with other non-
problematic metals (e.g.: iron) [15-17]. On the other hand the use of CuSn as an alloy component is due to the fact that
in the conventional production of diamond-metal composites by sintering, the admixture of low-melting materials such
as copper or bronze is state of the art [3, 4, 18, 19].

1.2 High energy milling and nanocrystalline/amorphous metals

High energy milling of metallic powder mixtures has established itself as a reliable technique to alloy a wide range of
elemental components [20-24]. The advantage of this type of homogenization and mixing is due to the fact that the
process takes place in the solid phase of all powder components. Thus, the high costs but also the negative material-
technical effects of melt metallurgy can be circumvented. The structural properties of the high-energy milled end prod-
ucts are very different. Depending on the starting products used and the milling parameters, both crystalline structures
and amorphous solid phases can be produced. With regard to the production of solid solution powders, high-energy
milling is preferred for the production of high entropy alloys (HEA). After complete mechanical alloying, the resulting HEA
powders in most cases have a body-centered cubic or face-centered cubic crystal lattice with a nanoscale microstructure
but still a clearly crystalline state [22, 25, 26]. Furthermore, the positive effect of high energy ball milling (HEBM) on the
corrosion and material properties of age hardening aluminum alloys such as AA2024, AA6061 and AA7075 was investi-
gated. Here, transmission electron microscopy was able to detect grain refinement in the metal structure below 100 nm.
At the same time, the solid phase solubility expanded with a suppression of the formation of intermetallic phases, which
may indicate a gradual transition from a stable crystalline state to a metastable amorphous state [27].

In the application area of amorphous/nanocrystalline Fe-Si-B-P-Cu composites with soft magnetic properties, con-
ventional manufacturing methods such as, in particular, single roller melt-spinning have been established so far. The
amorphous ribbons produced by this process were subsequently heat treated to selectively control the formation of
nanocrystallites [28, 29]. Regarding the same material composition, Motozuka et al. [30] determined that the amorphous
and nanocrystalline structures were very well preserved by a high-energy milling process and at the same time could be
easily processed from alloy scrap into a powder. Likewise, a reduction in the intensity of the X-rays reflected from the «
-Fe-phase compared to the initial state was measured for ball-milled samples on the basis of XRD spectra.

The generation of high proportions of amorphous and nanocrystalline phases in metallic alloys by means of HEBM is
the subject of numerous research activities. In particular, the ternary aluminum-based alloys (Alg;Cu,,TM; s with TM=Ti,
Nb, Zr) should be mentioned, with which amorphous alloys could be produced by means of mechanical alloying (HEBM)
from a milling time of 30 to 50 hours in which nanocrystalline phases are dispersed [31-33]. Ternary, quaternary and
quinary zirconium-based alloys (for example: Zr-Cu-Al; ZrgsCu,; sNi oAl ; Zrg; TisCu,NigAl, o) behave similar in a HEBM
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mechanical alloying process with high grinding times. Here, an almost complete amorphization could be observed in
approx. 20 to 60 hours. In the case of the quinary titanium-base alloy due to the addition of glass-forming compounds,
the grinding time could even be reduced to about 2 to 8 hours [34-36]. Finally, the ternary TiNiNb and binary TisyFes,
alloys should also be mentioned, where even near complete amorphization could be achieved within 50 to 75 h [37, 38].

Based on the presented research activities in the field of mechanical alloying of metal powders using HEBM, the fol-
lowing work will investigate the realization of a mechanical alloying process of a 316L steel/bronze mixture. Since the
main constituents Fe and Cu have low solubility in each other in the solid phase, the miscibility in presence of the alloy
constituents (see Table 1) in the stainless steel (316L) and the tin bronze (Cu90Sn10) during mechanical alloying will
be investigated in particular. The focus will also be on the formation of metastable forced-dissolved or nanocrystalline/
amorphous phases. Finally, it will be verified whether the application-oriented goal of lowering the melting point of the
steel powder for an PBF-LB/M process can be achieved and, furthermore, what the thermal properties of the resulting
HEBM powder are.

2 Methods
2.1 Used materials and mechanical alloying

The feedstock materials used for the milling experiments are a 316L stainless steel powder and a bronze powder com-
monly used as a liquid-phase forming component for DMMCs. According to the manufacturer, the steel powder is fab-
ricated by gas atomization and has a spherical grain shape with a grain size of 10um to 53um (Fig. 1a) and a relatively
low fine particle content, which makes it suitable for PBF-LB/M processes in this respect (Fig. 4a). In contrast, the bronze
powder is fabricated by water atomization and has an irregular grain shape with a grain size of < 63 pm (Fig. 1b). All
grinding tests were performed with a steel/bronze mixture in a mass ratio of 80/20. The exact chemical composition of
both metal powders is shown in Table 1.

All milling processes were done in a fully programmable ball mill that can be operated up to a maximum rotational
speed of 400 rpm. In addition, it is possible to carry out the milling process in interval operation with or without direction
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reversal. Interval operation means that the system can be set so that a defined rotation time and a defined pause time
take place in permanent alternation. A total of four containers with a volume of 12 mL to 500 mL can be placed in the
ball mill. However, for the experiments described in this paper, only two 250 mL containers made of hardened steel were
used. The milling balls used are made of 100Cr6 bearing steel and are weighed in at a ball-to-powder ratio (BPR) of 10:1
for all tests. This means that in absolute values per grinding container, the total initial weight of the steel/bronze mixture
was 50 g and the total initial weight of grinding balls was 500 g accordingly. In order to achieve an optimum balance
between powder refinement and cold welding during the milling process, 1.5 wt% (0.75 g) stearic acid in powder form
was added to the feedstock as a milling additive. These mentioned milling parameters and weights were kept constant
for all mechanical alloying processes for unambiguous reproducibility. In contrast, the machine parameters that have a
direct effect on the HEBM process were adjusted. These include the rotational speed, the milling time and the activation
of the already described interval operation with direction reversal (Table 2).

To avoid disruptive oxidation during the grinding process, both vessels were purged with argon for 30 s and then
sealed at an argon overpressure of e5 Pa.

2.2 Optical microscopy and scanning electron microscopy with EDS

Depending on the milling parameters described in Sect. 2.1, the resulting mechanically alloyed steel/bronze powders
were evaluated using a reflected light microscope at a magnification of 25x to 100x. Accordingly, embedded and met-
allographically prepared (grinding and polishing) powder samples were examined after the grinding process for the
existence of reddish separately present bronze particles and heterogeneous or non-mixed bronze-rich areas in the steel
particles. If these bronze-containing clusters can be detected in the powder samples, then it is a case of an incomplete
mechanical alloying process. If, however, no red bronze areas can be detected in the milled steel powder samples, then
a complete alloying process can be assumed.

A field emission scanning electron microscope (SEM) with an attached energy dispersive X-ray spectrometer (EDS)
was used to analyze grain geometry and grain morphology, and to quantitatively determine the elemental composition.
In addition to the embedded and prepared powder samples from the optical microscopy analyses, loose powders were
also examined for the SEM studies. The electron micrographs were taken at an accelerating voltage of 20 kV. The working
distance was approximately 9 mm to 12 mm and the magnification was selected between 50x and 1000%, depending
on the requirements. In addition, it was possible to switch between a secondary electron (topography contrast) and a
backscattered electron detector (material contrast). Quantitative elemental analysis using the EDS system was also per-
formed at 20 kV. Only the beam current of the electron microscope had to be increased to a maximum of 16, as required,
in order to be able to detect a sufficiently high intensity of X-rays.

2.3 Powder analyses

In order to assess the processability of the high energy milled powder samples in a future PBF-LB/M process at this early
stage, the dynamic flowability was determined at the macroscopic level. For this purpose, the respective powder samples
were filled into a narrow drum with two glass discs (approx. 25 g to 30 g). During the measurement, the drum rotates and
a CCD camera records images of the powder as a film. Via online image analysis, avalanche energy and avalanche angle
of the moving powder surface are automatically recorded. For each powder sample, both parameters were determined
at rotation speeds of 0.3 rpm, 0.5 rpm and 1.0 rpm, and the average values were calculated.

Table 2 Variable milling

‘ Parameter Values
parameters
Rotational speed [rpm] 250/300/350/400
Milling time [h] 6/12/24/36/48/72
Interval operation Yes/no
Interval time [h] 1 (a total of x hours pause time +
x hours milling time)
Direction reversal Always during interval operation
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In addition, at the microscopic level, the grain size distribution of the powders in the milled and unsieved states was
measured by laser diffraction in a liquid suspension in order to determine, among other things, the fine grain content
after the HEBM process and thus estimate the usefulness of the metal powder in the PBF-LB/M process.

2.4 X-ray diffraction (XRD)

To investigate the crystalline properties of the mechanically alloyed powder samples, an X-ray diffractometer with the
Bragg-Brentano arrangement and the (6-6)-geometry was used. In particular, the milled powders were analyzed as a
function of the grinding time. As a reference, in addition to the diffractograms of the pure starting materials (316L and
bronze), the diffraction spectrum of a steel-bronze powder fraction (80/20 wt%) mixed in a tumbling mixer for one hour
was used. The diffraction pattern of the mixed powder components was mainly used to compare the crystalline structure
of the milled powder with the structure of non-milled and consequently non-mechanically alloyed steel-bronze powders.
In this respect, the main aim is to draw conclusions about the formation of stable or metastable solid solutions formed
from the two starting substances. In addition, the mechanically alloyed powders are investigated for the formation of
new phases and the emergence of amorphous and nanocrystalline structures during the milling process.

To ensure comparability, all measurements were performed with a Cu-K, X-ray tube and an attached 2 mm polycapil-
lary. The detector is based on the 1-dimensional compound silicon strip technology. The 26 range between 20° to 120°,
a stepsize of 0.05° and a time per step of 1.0 s were used as measurement parameters. The total measuring time was
therefore ~40 min per powder sample.

2.5 Differential thermal analysis (DTA)

In order to analyze the thermal behavior of the mechanically alloyed powders during heating, especially near the melt-
ing range, a DTA/DSC combination instrument was used. However, since in this work the focus is on the detection of the
melting areas, but also on phase changes of the modified milled powders, differential calorimetry and the associated
measurement of the heat flux (mW) are not used and only the thermoelectric voltage difference (V) is included as a
measured value. In order to verify the described primary objective of lowering the melting point of the steel powders
mechanically alloyed with bronze, the melting peaks of the DTA curves are evaluated with respect to the onset and the
offset of the melting peak, which corresponds to the approximate solidus or liquidus temperature. These characteristic
material values are compared with those of pure 316L steel powder. Furthermore, temperature-dependent phase tran-
sitions and the formation of new phases are to be detected by means of this measurement method. All DTA-analyses
were performed in each case in an alumina sample crucible. An empty alumina crucible was used as a reference. The
temperature profile consisted of first heating up to 1550 °C at a heating rate of 10 Kmin~', holding at this temperature
for 5 min and then specifically cooling down again at 10 Kmin="to 100 °C. The measurements were always performed
under an argon flow of 1.5 Lmin~'to avoid oxidation. At the beginning of the measurements and after every fifth sample,
a zero measurement was performed with an empty sample crucible and an empty reference crucible under the same
conditions to compensate for the device-specific error. The transfer of the measurement data to the PC was carried out
with a sampling interval of 1 s in a measurement range of 250 pV.

2.6 Heat treatment and remelting

Heat treatment of the mechanically alloyed steel/bronze powder was performed to further investigate the exothermic
reaction occurring in the temperature range of 550°C to 650 °C in the DTA measurement (Sect. 3.4). For this purpose,
a small amount of about 5 g of the powder samples from the HEBM tests was aged in a vacuum chamber furnace at a
pressure of e-3 Pa at 700 °C for 30 min. The powder samples treated in this way are then examined in the X-ray diffraction
apparatus for changes in structural properties as well as the formation of new phases, and compared with the alloyed
powders in the previous condition.

Parallel, the remelted mechanically alloyed samples from the DTA tests were examined under a scanning electron
microscope and in a X-ray diffractometer for individual components and phases in the solidified microstructure in order
to obtain conclusions about the melting behavior of the milled powders.
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Fig.2 Investigation of the
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3 Results and discussion
3.1 Homogenization and grain morphology

The first investigations, which concerned the mechanically alloyed powder, involved determining the point at which
the two components (steel + bronze) form a homogeneous solid mixture as a function of the milling time and the
rotational speed. With regard to the rotational speed, it was found that a value of at least 300 rpm was necessary to
obtain a homogeneous powder even at a milling time of 12 h. In contrast, even at very high milling times of 24 h,
rotational speeds of 250 rpm resulted in a flake-like powder morphology in which individual bronze residues were
still unmixed, similar to the tests with 6 h (Figs. 2a and 3: top-left). If the milling time is considered as the influenc-
ing factor, it can be seen in Fig. 2 that between 6 h to 12 h there is a limit representing the transition of an almost
complete homogenization process during mechanical alloying. Steel-bronze powder mixtures milled at 300 rpm for
6 h show clear residues of unalloyed orange bronze particles in the optical microscopy images (Fig. 2a). In addition,
the grain morphology has changed towards a very thin, flake-like structure with an average thickness of ~5um to
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Table 3 Quantitative EDS- cr

analysis of milled powder in Fe Ni cu °n
Fig. 2c 1 16.80 60.17 11.58 11.94 0.00
2 15.80 55.17 8.80 19.22 1.00
16.48 55.10 11.95 13.20 3.27

Elemental composition in wt%; normalized for the relevant alloying elements

Table 4 Comparison of the

flowability of milled samples Sample Avalanche energy Il?a\rgac-he
angle
[kJkg™1 (]
316L-Steel 10.45 35.2
300rpm; 12h 18.13 69.7
300 rpm; 12-12 h-int 8.48 55.5
400 rpm; 24 h 9.25 40.1

10pum compared to the initial state in Fig. 1a. This structure resulted in a very sticky powder with an almost non-
existent flowability in the milled end product. Accordingly, increasing the milling time to 12 h abruptly changes the
composition and grain morphology. The light microscope image shown in Fig. 2b of a steel-bronze powder mixture,
which was mechanically alloyed at 300 rpm and for 12 h, shows that from a certain point in the milling process, the
grains change to a more rounded shape with no visible remnants of orange bronze particles. Furthermore, at this
grinding time, the grain size distribution is very irregularly broadly scattered. Looking at the elemental composition
at a grinding time of 12 h, it is clear from the EDS elemental analysis on three different metal particles (Fig. 2c and
Table 3) that the mechanically alloyed powder was almost completely homogenized at these grinding parameters. In
this regard, the quantitative analysis in Table 3 shows the distribution of copper, which is the main component of the
bronze alloy, in the 316L steel particles. The Cu content of the three measured particles ranges from ~12 to 19 wt%.
Considering that only 20 wt-% bronze was added to the steel powder, it appears that the relatively high solubility of
copper is due to the Ni alloy component. In this two-substance system, complete solubility exists in the solid phase.
This is also confirmed by measuring point 2 in Table 3 where a very high Cu content (19.22 wt%) is present to the
expense of the Ni content (8.80 wt%).

To show the influence of milling parameters (rotation speed and time) on grain morphology, SEM images were taken of
four different mechanically alloyed powders, each produced with different milling parameters (Fig. 3). As already shown
in Fig. 2, if the kinetic energies are too low due to a too low rotational speed or a too short milling time of maximum 6 h,
non-flowable powders are formed, whose particle geometry is flaky and asymmetric. The structure of a flake-like loose
powder is shown in Fig. 3 at the top left image. If the grinding time is increased to 12 h, the resulting powders become
much more flowable and the grains take on a rounder shape. It should be noted that the powders milled at 300 rpm and
for 12 h (Fig. 3: top right) still show a very irregular particle size distribution. This changes when the milling parameters are
further adjusted. Here, a change to intermittent operation has proven to be advantageous. Powders that were processed
in an alternating milling process with 1 h pause time and 1 h rotation time showed a clearly more homogeneous particle
size distribution in the left-bottom picture. Finally, a further increase of the rotation speed to the maximum value of 400
rpm and an increase of the grinding time to 24 h lead to a further improvement of the grain morphology. In the lower
right picture it can be seen that the grain geometry now has become more spherical and the grain size distribution is
also more homogeneous.

3.2 Dynamic flowability and particle size distribution
In order to compare the dynamic flowability of the milled powders with that of the steel powder, the avalanche energy
and avalanche angle of the samples from Fig. 3 were consulted. Since the 300 rpm, 6 h sample was highly viscous and

sticky, a measurement could not be made here. The evaluation of this direct comparison is shown in Table 4. It can be
seen that a milling process at 300 rpm for 12 h results in a powder whose flowability is nearly twice that of the spherical
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316L steel powder (18.13 kJkg™; 69.7 °). Only a change of the milling process to interval operation with hourly breaks of
one hour and reversal of direction leads to an improvement of the flow behavior. It should be noted that the avalanche
energy is just below the steel powder (8.48 kJkg™"), but the avalanche angle is only insignificantly reduced (55.5 °). In
conclusion, the flowability of the milled powder at the maximum rotational speed of 400 rpm and 24 h reaches approxi-
mately the Avlanche angle of the steel powder (40.1 °). In this context, it can be assumed that higher kinetic energies in
the milling process and the resulting stronger cold deformation lead to more favorable particle shapes and thus better
flow behavior.

In order to assess the usability of the powder obtained in the HEBM process for PBF-LB/M printing in terms of particle
size distribution and fine particle content, the size distributions of two milled powder samples were compared with those
of the starting powders (Fig. 4). Looking at the starting materials, it can be clearly seen that the bronze powder has a very
broad particle size distribution with a high proportion of fine particles down to approx. 5 pm (Fig. 4b). In contrast, the
steel powder has a rather narrow size distribution with a maximum particle size fraction of 50 um to 60 um, according to
the manufacturer’s specifications (Fig. 4a). A close examination of the two mechanically alloyed powder samples shows
that their particle size distribution is significantly narrower than that of the bronze powder and has a similar Gaussian
distribution to the steel powder (Fig. 4c and d). Furthermore, the fine particle content of the milled powders is not sig-
nificantly higher than that of the steel powder. However, the distribution maximum for milled powders is visibly shifted
towards the coarser grain fraction (approx. 65pm to 88pum).

3.3 Analysis of the crystal structure

In order to investigate the processes of solid solution formation and the formation of amorphous or nanocrystalline
phases at the level of the crystalline structure, which occur during mechanical alloying, diffraction spectra of the raw
materials (steel and bronze) and of a mixed-only powder fraction were measured first. These spectra (Fig. 5a) were used
as reference for the interpretation of the high energy milled powder fractions.

The XRD pattern in Fig. 5a, which represents a section of the measured 26 angular range from approx. 40° to 75°,
indicates a face-centered cubic crystal system with very close lattice constants for both starting materials. The fact that
the crystal structure of both substances are very similar is also shown by the spectrum of both materials in the mixed
state. Here it can be seen that the diffraction peaks of the steel and the bronze partially overlap, which on the one hand
leads to a broadening of the peaks and on the other hand results in two maxima. Due to the presence of an unalloyed
mixture, the left peak maxima are still clearly attributable to the bronze component, whereas the right peak maxima

Fig.4 Comparison of the 316L Bronze 90/10
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represent the steel component. This appearance of the XRD-spectrum changes seriously after high-energy milling of the
steel-bronze powders. Looking at the measured diffraction spectra in Fig. 5b, it can be seen that at a rotational speed of
300 rpm and a milling time of 12 h, only the high-intensity peak at 43° still shows a weak indication of the presence of
both crystal structures (steel and bronze). The other two weaker peaks at 50° and 73°, on the other hand, are present as
single diffraction reflections. This strongly suggests that solid solution formation has not yet been fully completed due
to the short milling time of 12 h. From this, the solid solution formation of both powder components improves when
the ball mill is operated in interval mode with direction reversal (see Fig. 5b: middle spectrum). Although here the effec-
tive milling time is 12 h in absolute terms, just as in the upper spectrum, the hourly interruption of the milling process
with a one-hour pause time seems to have a positive effect on the solid solution formation. However, a further increase
of the process time to 36 h-36 h interval operation does not lead to any further change in the crystal structure (Fig. 5b:
lower spectrum).

Finally, it was investigated whether structural properties in the powder change during very long mechanical alloying.
For this reason, a diffractogram of a powder milled at 48 h and at 72 h in interval operation is shown in Fig. 5c in each case.
The studies on the formation of amorphous phases during high-energy milling presented in the state of the art in Sect. 1
are not confirmed for the present steel-bronze alloy. This can be verified mainly from the fact that the XRD-spectrum
(Fig. 5¢) of the powder milled at 72 h shows no amorphous halo at low 2-6 angular regions.

3.4 Thermal analysis
To verify the primary objective of modifying the melting range as well as the melting behavior for better processability
of DMMC materials in LBPF 3D printing in mechanically alloyed steel-bronze powder blends, such high-energy milled

powder samples were subjected to thermal analysis from room temperature to 1550 °C. Fig. 6 shows an exemplary DTA
evaluation of a powder sample which was mechanically alloyed in interval operation with 300 rpm and 48 h—-48 h. During
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Fig.6 Exemplary thermal
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heating, a weak but distinct exothermic peak (Fig. 6a) first appeared in a temperature range from 550 °C to 650 °C for all
milled samples that exhibited approximately completed solid solution formation (see Sect. 3.3). Since the presence of
amorphous structures could be excluded in the crystal structure analysis in Fig. 5¢, a possible exothermic crystallization
of the material in the solid phase cannot be assumed. It is much more likely that the high plastic deformation energy
during high-energy milling promotes the formation of metastable solid solution phases, which are converted back into
a thermodynamically stable state when sufficiently heated (540 °C to 620 °C). Also possible would be the formation of
metal carbides or, due to the existence of numerous alloying elements such as Ni, Cr and Sn the formation of intermetallic
phases. More detailed explanations of this special thermal behavior of the mechanically alloyed powders are presented
in Sect. 3.5.

Looking at the thermal analyses from temperatures of 1250 °C, the DTA curves for all homogeneous mechanically
alloyed steel-bronze mixtures present as solid solution show two endothermic melting peaks occurring immediately
after each other (Fig. 6b), with a much wider melting interval than the pure 316L steel powder. The melting peak at
lower temperatures can therefore be attributed to the formation of a copper-rich phase, whereas the peak occurring at
higher temperatures corresponds to the melting of an iron-rich phase. Finally, if the melting intervals of all mechanically
alloyed powder samples are compared with the pure 316L steel raw powder (Table 5), it becomes clear that, on the one
hand, the melting range of the milled powders is about three times higher than that of the 316L steel, and, on the other
hand, the offset temperatures (corresponding to the liquidus temperature) of the milled powders are almost consistently
about 100 °C lower. Taking into account that both solidus and liquidus temperatures can be significantly lowered for
high energy milled steel-bronze powders, it can be noted that the basic objective of lowering the melting temperature
of 316L steel by mechanical alloying with bronze has been achieved. In contrast, the influence of higher milling times
on the melting point reduction seems to be insignificant.

3.5 Heat treatment and remelting

The following investigations take place against the background of making such mechanically alloyed powder mixtures,
modified in the direction of lower melting ranges, usable for the PBF-LB/M 3D printing process for the production of
diamond-metal matrix composites (DMMCs). In order to analyze in more detail the material behavior of mechanically
alloyed steel-bronze powders during heating and melting, which differs from that of unalloyed powder blends, further
crystallographic as well as SEM and elemental analyses (EDS) are carried out in the following Chapter on a heat-treated
and remelted powder sample which was milled at 300 rpm and in interval operation (48 h—-48 h).

Table 5 Melting ranges of

. Sample Onset [°C] Offset [°C]
mechanically alloyed samples

316L-Steel 1412 1446
(raw material)

300 rpm; 12 h 1255 1360
400 rpm; 24 h 1256 1350
300 rpm; 12-12 h-int 1252 1346
300 rpm; 36-36 h-int 1257 1357
300 rpm; 48-48 h-int 1250 1351
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First, the exothermic reaction described on the basis of the DTA-analyses in Sect. 3.4, Figure 6a will be investigated in
the temperature range from 550 °C to 650 °C. For this purpose, mechanically alloyed powder samples heat-treated at
700 °C for 30 min were analyzed in the X-ray diffractometer. The diffraction spectrum in Fig. 7a (upper graph) confirms
the assumptions made in Sect. 3.4, that it could be both the transformation of metastable phases and the formation of
new phases such as carbides or intermetallic compounds. The direct comparison of this spectrum with the initial powder
mixture in Fig. 5a shows the presence of three new peaks at 26 = 37.9°, 20 = 41.7° and 260 = 48.5° which is an indication
for new carbide or intermetallic phases. In addition, the main peak of the fcc solid solution (260 = 43.6° in Fig. 7a: upper
graph) shows the formation and splitting off of a second peak, indicating the beginning segregation of copper and
tin-rich phases. Accordingly, the assumption that the exothermic reaction in the thermal analysis (Fig. 6a) represents
the transformation of a metastable solid solution phase into two more stable phases (segregation) may well be correct.
This is additionally confirmed by further consideration of the processes involved in the melting and solidification of the
mechanically alloyed powder. The XRD-analysis of a remelted powder sample from the DTA measurement (Fig. 7a:lower
graph) shows the same main peak at 26 = 43.6° in a clearly advanced segregated state. This segregated state after melt-
ing is finally verified by scanning electron microscopy of the solidified microstructure with material contrast and EDS
elemental analysis (Fig. 7b + Table 6). Here, clear copper- and tin-rich precipitates can be seen in the steel structure,
which are sharply distinguished from the surrounding iron-rich structure. The elemental analysis additionally confirms

Table 6 Quantitative EDS-

analysis of melted powder in < Fe Ni cu on

Fig. 7b 1 15.14 62.99 12.74 9.14 0.00
2 0.71 4.36 4.52 81.78 8.63
3 14.53 61.52 11.69 12.27 0.00
4 0.46 2.62 2.87 79.36 14.69

Elemental composition in wt%; normalized for the relevant alloying elements
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that the main part of the copper and tin previously dissolved in the milled steel powder has segregated as a separate
precipitate after melting and solidification with a fraction of ~80 wt% Cu and ~8-15 wt% Sn. The strong attenuation and
disappearance of the other fcc peaks (Fig. 7a: lower graph) otherwise present in the measured powder diffractograms at
about 260 =51.0°, 20 = 74.8°, and 26 = 90.8° can be explained by the fact that the measured melt drop had a very small
metallographic cross section of only 3 mm to 4 mm. A simultaneously high crystallite size finally led to a grain structure
which in this case did not fulfill the Bragg condition throughout for all net planes.

4 Conclusion

With regard to the initial objective of modifying 316L steel powder with bronze additions in such a way that the melting
range of the alloy obtained is significantly lower than that of pure steel powder, it can be seen that such powder modifica-
tions by means of high-energy ball milling (HEBM) result in a melting onset that is about 150 °C to 160 °C lower. It could
also be determined from thermal analyses (Sect. 3.4) that the melting interval increases from 35 °C for pure stainless
steel to approx. 100 °C for mechanically alloyed steel-bronze blends.

Further important insights into the material characteristic processes of mechanical alloying of this 316L bronze com-
position could also be obtained:

o A parameter study for the mechanical alloying of this powder mixture was able to determine at which rotational speed
and grinding time a homogeneous mixture of 316L steel and bronze is formed (300 rpm; 12 h). Further, it could also
be verified by XRD-analysis that a face-centered cubic solid solution is present when these milling parameters are
reached and exceeded.

e The grain morphology of the milled powder becomes increasingly spherical and the grain size distribution increas-
ingly homogeneous during milling processes in interval operation and at higher milling parameters (400 rpm; 24 h).

e Long-term milling tests at 24 h and show an improvement in dynamic flowability almost approaching the material
properties of 316L steel powder. In addition, milling tests at 36 h to 48 h do not lead to an increased formation of fine
particles. Instead, the particle size distribution seems to shift towards higher average particle sizes.

e Combined investigations by means of thermal analysis (DTA), XRD-analysis, SEM-analysis and EDS elemental analysis
revealed that when the powder is heated above 550 °C to 650 °C, an exothermic reaction takes place, which most likely
indicates a segregation process. This segregation process occurred completely after the melting and solidification of
the mechanically alloyed powders. This is proven by the closer analyses of the remelted steel-bronze structure (SEM
+ EDS), in which copper-rich and iron-rich phases are clearly present separately.

In summary, both the lowered melting range and the segregation process of Cu-rich phases after melting could lead to
better processing of such modified DMMC base powders in an PBF-LB/M 3D printing process. In particular, the demon-
strated formation of low-melting copper phases in the steel structure could minimize the susceptibility to cracking and
pore formation. More detailed investigations on this will be addressed in further work.
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